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a b s t r a c t 
The poor soft tissue conspicuity of CT can be improved by using intra-arterial CT Angiography (CTA), and 
intra-articular and intra-bursal contrast enhanced CT (CTAR). This retrospective study describes a com- 
bination protocol of CT and CTA of the horse’s foot, and CTAR of the distal interphalangeal joint and 
navicular bursa. It is hypothesized this would provide a comprehensive overview of the range and sever- 
ity of distal limb pathology. Radiology reports of all horses admitted for distal limb CT over a 5 year 
period were reviewed. All horses with a complete four stage CT examination and radiology report with 
lameness isolated to the foot were included. Twenty seven imaging findings using a four grade semi- 
quantitative severity scoring system contributing towards six main diagnostic categories were described. 
One hundred and five examinations on 56 horses revealed a diagnosis of navicular bone disease in 64%, 
deep digital flexor tendinopathy in 43%, distal interphalangeal osteoarthritis in 35%, navicular bursitis in 
31%, distal interphalangeal collateral ligament desmopathy in 26%, and hoof capsule and distal phalanx 
pathology in 10%. Only 25% of the navicular bone disease cases were considered clinically significant. The 
majority of deep digital flexor tendon lesions (77%) and distal interphalangeal joint osteoarthritis (51%) 
were considered significant. Approximately one third of navicular bursa (37%) and collateral ligament 
(33%) abnormalities were considered significant. Navicular bursa abnormalities were associated with nav- 
icular bone and deep digital flexor tendon lesions. The findings support the hypothesis and the use of 
this protocol for evaluation of foot lameness. 
© 2021 The Authors. Published by Elsevier Inc. 
This is an open access article under the CC BY-NC-ND license 

























Cross sectional imaging, both MRI and CT, for the examination 
f lameness isolated to the horse’s foot, performed under standing 
edation or general anesthesia has become widely used in refer- 
al settings [1] . MRI is accepted as the gold standard for soft tissue 
maging, whereas the spatial resolution of CT delivers better bony 
etail [2] . 
The relatively poor soft tissue conspicuity of CT [3] has been 
ffset somewhat by the use of Contrast Enhanced CT techniques Ethical Statement: The research and manuscript is entirely based on retrospec- 
ive analysis of medical records. The horses admitted to the veterinary teaching hos- 
ital undersign an admission form allowing the use of the medical information for 
etrospective research evaluation and teaching. Separate ethics committee approval 
or this retrospective descriptive study was therefore not sought. 
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ntra-articular and intra-bursal CT Arthrography (CTAR) for lame- 
ess diagnosis have been described [ 4 –6 ]. The conspicuity of soft 
issue lesions is increased due to vascular dilation and neovascu- 
arization, or absence of enhancement due to necrosis with CTA [7] . 
he visualization of cartilage surfaces, intra- or peri-articular liga- 
ents, synovial proliferation and adhesion formation is increased 
sing CTAR [ 8 , 9 ]. 
The results of a combined examination protocol of standard 
one and soft tissue algorithm CT of the horses’s foot, CTA of the 
oot and CTAR of the distal interphalangeal joint and navicular 
ursa have not been published yet. Clinical decision making after 
dvanced imaging is most often based on the radiology report. In 
his descriptive retrospective review of radiology reports, we re- 
ort on the results of 105 foot examinations using this combina- 
ion protocol. We hypothesized this combination protocol would 
rovide a comprehensive overview of distal limb pathology and 
rovide a useful comparison with results from MRI examinations. nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 



























































































































. Materials and Methods 
Radiology reports and discharge instructions of all horses ad- 
itted to the Massey University Teaching hospital for distal limb 
T from April 2011 to November 2016 were analyzed. Inclusion cri- 
eria were horses (1) in which forelimb lameness had been isolated 
istal to the fetlock by either a palmar digital nerve block or abax- 
al nerve block and (2) of which all four of the CT examination 
echniques described below had been completed and (3) for which 
 full imaging report and discharge instructions were available. 
orses which were referred for CT as a pre-operative planning tool 
uch as keratoma removal, and horses which had an abaxial nerve 
lock performed and had positive imaging findings in the included 
etacarpophalangeal region were excluded. The selection was per- 
ormed by an ACVS boarded equine surgeon. The source population 
re horses in the referral catchment, the study population are the 
ligible horses, and the study unit of analysis is the imaging find- 
ng of the foot, the foot being defined as the structures distal to 
he proximal interphalangeal joint of the horse. 
Horses were unilaterally or bilaterally lame as per the referring 
eterinarian. Repeat clinical examination was variably performed, 
ncluding perineural analgesia depending on whether the horse 
as referred as an imaging outpatient or clinical referral. 
The owners of the horses admitted to the veterinary teaching 
ospital undersign an admission form allowing the use of the med- 
cal information for retrospective research evaluation and teaching. 
eparate ethics committee approval for this retrospective descrip- 
ive study was therefore not sought. 
The standard four-stage CT protocol included: (1) a distal limb 
one and soft tissue algorithm CT acquisition, (2) a distal limb CT 
rteriogram, (3) a distal interphalangeal CT arthrogram, and (4) a 
avicular CT bursogram. This protocol was executed under general 
nesthesia with horses placed in lateral recumbency on a propose 
uilt equine CT table (Brilliance CT Equine table, Philips Brilliance, 
hilips Healthware NV, Eindhoven, The Netherlands) with the to 
e examined limb dependant, using a 16 slice standard bore mul- 
idetector CT unit (Philips Brilliance, Philips Healthware NV, Eind- 
oven, The Netherlands) in helical mode with slice thickness of 
.6 mm, pitch of 0.438, slice increment of 0.4 mm, tube rotation 
ime 0.75 sec, 401 mAs/slice and kVp of 120 using a high reso- 
ution filter. The image FOV was 158 mm and matrix dimensions 
ere 768 × 768 . The protocol was performed bilaterally as stan- 
ard, with exception of few cases. For this, the horse was moved 
nto the other lateral position and the four-stage protocol repeated. 
For the native series (1), the images were acquired from the 
roximal aspect of the proximal sesamoid bones to the tip of the 
oof and reconstructed into 0.6 mm slice thickness in a bone and 
oft tissue algorithm. For (2) a CT contrast arteriogram of the same 
egion was performed and reconstructed in the same manner. The 
rteriogram protocol uses a 20G catheter placed in the radial artery 
roximal to the carpal retinaculum under ultrasound guidance. 
low rates were 2 mL/sec of 150 mgL/mL Iohexol (Omnipaque GE 
ealthcare Australia PTY Ltd 32 Phillip St Parramatta NSW 2150, 
E Healthcare Limited Auckland NZ) (50% diluted 300 mgL/mL Io- 
exol in saline) from a pressure injector (Medrad Vistron CT in- 
ection system model no. VHU600, One Medron Drive, Indianola, 
A, 1501, USA) following a previously described protocol [ 3 , 4 , 10 ].
he acquisition was started 8 seconds after start of injection over 
he same region with the same settings as the initial acquisition. 
or (3), the distal interphalangeal joint was injected using a dor- 
al approach parallel to the solar surface of the foot [11] using 
 20G needle and 30 ml of 150 mgL/mL Iohexol (Omnipaque GE 
ealthcare Australia PTY Ltd 32 Phillip St Parramatta NSW 2150, 
E Healthcare Limited Auckland NZ). A portion of the 30 mL of 
ontrast agent was used to inject the joint to palpable distention. 
n acquisition was performed as described above, starting approx- 2 mately from the mid diaphysis of the second phalanx and recon- 
tructed in a 0.6 mm slice thickness bone algorithm. For (4), the 
avicular bursa was injected using a palmar midline approach us- 
ng a 20G 2.5 inch spinal needle [11] and the bursa injected to dis- 
ention with 150 mgL/mL Iohexol (Omnipaque GE Healthcare Aus- 
ralia PTY Ltd 32 Phillip St Parramatta NSW 2150, GE Healthcare 
imited Auckland NZ). The needle placement was verified prior to 
njection using a scout CT image. The same CT acquisition and re- 
onstruction as for (3) was performed. Near the end of the review 
eriod, (3) and (4) were sometimes combined in one acquisition. 
The combined 4 CT examinations per limb were reviewed on 
 designated CT workstation (Extended Brilliance Workspace run- 
ing on windows XP software version, Phillips Medical Systems PO 
ox 10 0 0 0, 5680 DA BEST, The Netherlands), or using a view- 
ng software capable of multiplanar reconstruction (eFilm Work- 
tation 3.2, Merge Healthcare, Chicago, IL, USA; Osirix imaging 
oftware, Pixmeo, Geneva, Switzerland), where window level and 
idth could be adjusted at will. Imaging reports were written 
nd reviewed by either a ACVR-board certified radiologist (AH) or 
CVS-board certified equine surgeon in ECVDI large animal imag- 
ng residency training (FP). 
Population variables recorded were date of examination, age, 
ex, horse type, limb examined, lameness grade (AAEP), site pos- 
tive to nerve blocking, lameness duration (weeks). A four grade 
emiquantitative severity scoring system of each individual imag- 
ng finding in the report was developed. Grade 0 is normal. Grade 
 is a mildly abnormal finding, but not of that severity that it 
ould be by itself be considered clinically significant. Grade 2 is 
oderately abnormal, considered likely to be causing clinical dis- 
ase or pain. Grade 3 is very abnormal/severe, almost certainly 
ausing clinical disease. If an imaging finding was not mentioned 
n the report, it was recorded as normal. These different imag- 
ng findings and their severity score contribute towards the imag- 
ng diagnoses and their severity score. Diagnostic grade 0 is not 
resent or mentioned. Grade 1 diagnosis equates to an imaging di- 
gnosis which may or may not be clinically significant. Grade 2 di- 
gnosis is most likely clinically significant. Grade 3 diagnosis is no 
oubt clinically significant. Twenty seven imaging variables in to- 
al contributing to the different diagnostic categories were graded. 
n addition, for lesions within the deep digital flexor tendon, size 
ncrease, localization in zones (at the level of the proximal inter- 
halangeal joint, proximal to the navicular bone, at the level of 
he navicular bone and distal to the navicular bone), and contrast 
nhancement of the lesions was recorded (central, peripheral to a 
ypoattenuating region, focal or diffuse) as described in a previous 
ublication [10] . The imaging findings and diagnostic categories are 
escribed in Table 1 . 
The individually graded imaging findings were combined into 
ix main diagnostic categories: navicular bone disease, deep dig- 
tal flexor tendinopathy, distal interphalangeal joint osteoarthritis, 
avicular bursitis, distal interphalangeal joint collateral ligament 
esmopathy, and hoof capsule and distal phalanx pathology. These 
iagnostic categories were graded 2 fold: once based on severity 
f imaging findings only from the findings section of the radiol- 
gy report independently from the conclusion and recommenda- 
ions sections, and once with a subjective weighting applied, this 
y taking in account the conclusion section and recommendations 
f the imaging report and discharge instructions. 
First order descriptive statistics were generated for diagnostic 
rading and diagnostic grading weighted by conclusion and rec- 
mmendation sections. The homogeneity of grades derived from 
iagnostic grading and grading weighted by conclusion and recom- 
endation sections were compared using Mann-Whitney-Wilcoxon 
est for independence. Statistical significance was declared at an 
lpha of 0.05 or greater. Statistical analysis was conducted in R 
R Core Development Team, 2019). The data organization, statis- 
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Table 1 
Frequency distribution (percentages) of imaging examination (n = 105) severity (grade 0-3) stratified by anatomical structure. 
Grade [n (%)] 
Imaging Diagnosis Imaging Finding 0 1 2 3 
Navicular Bone Disease 38 (36) 49 (47) 17 (16) 1 (1) 
Facies flexoria remodelling 100 (95) 3 (3) 2 (2) 0 (0) 
Facies flexoria cartilage erosion or adhesion 99 (94) 2 (2) 3 (3) 1 (1) 
Facies articularis osteophyte 102 (97) 2 (2) 1 (1) 0 (0) 
CSL insertional remodelling 92 (88) 8 (8) 4 (4) 1 (1) 
Distal border fragmentation 82 (78) 15 (14) 8 (8) 0 (0) 
Medullary sclerosis 100 (95) 2 (2) 2 (2) 1 (1) 
Synovial invagination abnormalities 47 (45) 43 (41) 15 (14) 0 (0) 
Central cyst formation 101 (96) 2 (2) 1 (1) 1 (1) 
Impar ligament abnormalities 94 (90) 7 (7) 3 (3) 1 (1) 
CSL desmitis 102 (97) 0 (0) 3 (3) 0 (0) 
Navicular Bursitis 73 (70) 20 (19) 10 (10) 2 (2) 
Adhesion 98 (93) 1 (1) 4 (4) 2 (2) 
Distention 75 (71) 20 (19) 8 (8) 2 (2) 
Synovial Contrast enhancement 91 (87) 6 (6) 6 (6) 2 (2) 
Deep Digital Flexor Tendinopathy 61 (58) 9 (8) 28 (27) 7 (7) 
DDFT - core lesion 64 (61) 9 (9) 27 (26) 5 (5) 
DDFT - split 103 (98) 0 (0) 1 (1) 1 (1) 
DDFT - dorsal border lesion 78 (74) 0 (0) 16 (15) 11 (10) 
DIPJ Osteoarthritis 68 (65) 17 (16) 17 (16) 3 (3) 
Synovial proliferation, joint distention or adhesions 90 (86) 10 (10) 4 (4) 1 (1) 
Synovial contrast enhancement 92 (88) 3 (3) 5 (5) 5 (5) 
DIPJ osteophyte formation 90 (86) 8 (8) 6 (6) 1 (1) 
DIPJ narrowing 100 (95) 5 (5) 0 (0) 0 (0) 
Arthrogram cartilage defects 84 (80) 7 (7) 10 (10) 4 (4) 
Subchondral bone sclerosis, erosion or cyst formation 102 (97) 0 (0) 1 (1) 2 (2) 
DIPJ Collateral Ligament Desmopathy 78 (74) 18 (17) 7 (7) 2 (2) 
Collateral ligament contrast enhancement 89 (85) 10 (10) 4 (4) 2 (2) 
Collateral ligament enlargement 97 (92) 3 (3) 5 (5) 0 (0) 
Collateral ligament origin remodeling 101 (96) 4 (4) 0 (0) 0 (0) 
Collateral ligament insertion remodeling 92 (88) 7 (7) 3 (3) 3 (3) 
Hoof Capsule and Distal Phalanx Pathology 99 (94) 4 (4) 2 (2) 0 (0) 
Abnormal laminar contrast enhancement 99 (94) 5 (5) 1 (1) 0 (0) 
Keratoma 98 (93) 2 (2) 3 (3) 2 (2) 
Pedal osteitis 101 (96) 2 (2) 2 (2) 0 (0) 
Table 1: Grade 0: Normal. Grade 1: Mildly abnormal finding or diagnosis, which may or may not be clinically significant. Grade 2: Moderately abnormal finding or diagnosis, 
considered likely to be causing clinical disease or pain. Grade 3: Severely abnormal finding or diagnosis, almost certainly causing clinical disease or pain. If an imaging 















































ical test selection and completion was performed by a boarded 
pidemiologist (JA). 
. Results 
There were 105 examinations conducted on 56 horses that fit- 
ed the inclusion criteria. Of these horses, seven had unilateral and 
9 had bilateral examinations. Forty-nine per cent of all examina- 
ions involved the left foot and 51% the right foot. There were 38 
eldings and 18 mares. Of these, 25 were sport horses (Thorough- 
red cross or warmblood), 15 Thoroughbreds, 16 others (7 station 
red, 4 warmblood cross, 1 quarter horse, 1 standardbred, 1 pony, 
 not recorded). The average age was 9 years old (Interquartile 
ange [IQR] = 7–11). Forty-eight horses were bilaterally lame, seven 
nilaterally lame, and one was not reported as to uni- or bilater- 
lly lame. The average lameness grade was 2of 5 (AAEP, IQR 1–2) 
nd the average duration of lameness 8 weeks (IQR 0–25). 
In 95 of the 105 distal extremity examinations (91%), more than 
ne diagnosis was made. Of these 95 examinations, 61 had one or 
ore than one diagnosis with a grade > 1 (64%). In 30 examina- 
ions, one diagnosis with a grade of > 1 was observed. In 24 ex- 
minations, two lesions with a grade > 1 were observed. In seven 
xaminations, three or more lesions with a grade > 1 were ob- 
erved. Twelve of the 105 examinations (11%) showed no lesions. 
.1. Overall diagnostic categories 
An overview of all diagnoses subcategorized in grade with their 
espective contributing imaging findings is available in Table 1 and 
upp. Fig 1. A diagnosis of navicular bone disease was made in 3 4% (n = 67), deep digital flexor tendinopathy in 43% (n = 44), dis- 
al interphalangeal osteoarthritis in 35% (n = 37), navicular bursitis 
n 31% (n = 32), distal interphalangeal collateral ligament desmopa- 
hy in 26% (n = 27), and hoof capsule and distal phalanx pathology 
n 10% (n = 11). 
.2. Navicular bone disease 
Of the 67 extremities diagnosed with navicular bone disease 
64%), 49 were a grade 1, 17 grade 2 and 1 grade 3 (18 combined
ver grade 1). The most frequent imaging finding for all grades 
ombined were enlarged synovial invaginations (n = 58) and dis- 
al border fragments (n = 23) (supp. Fig 2). Facies flexoria remod- 
lling and cartilage erosions or adhesion formation was present 
n six horses, four of which had deep digital flexor tendon le- 
ions. Distal sesamoidean (impar) ligament desmopathy and col- 
ateral sesamoidean ligament desmopathy was diagnosed in 11 and 
hree extremities with navicular bone disease respectively. 
.2. Deep digital flexor tendinopathy 
Of the 44 extremities diagnosed with deep digital flexor 
endinopathy (43%) ( Fig. 1 ), 9 were grade 1, 28 grade 2 and 7
rade 3. The most frequent deep digital flexor tendinopathy diag- 
oses were deep digital flexor tendon (DDFT) core lesion (n = 9) in 
rade 1, DDFT core lesion (n = 27) and dorsal border lesion (n = 16)
n grade 2, and DDFT core lesion (n = 5) and dorsal border lesion 
n = 11) in grade 3. There were few tendon splits visualized (n = 2)
supp. Fig 3). Diffuse lobar tendon enlargement was present in 13 
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Fig. 1. Transverse multiplanar reconstruction arteriogram at the suprasesamoidean 
level: Lateral is left in the image. Severe distention of the navicular bursa and syn- 
ovial contrast enhancement is present. Enlargement of the medial lobe of the deep 
digital flexor tendon, and severely increased dorsal vascular contrast enhancement 
of the dorsal aspect of the medial lobe is present. A linear region of hypoatten- 
uation with surrounding vascular enhancement is consistent with a tendon split 
(BLACK ARROWHEAD). There is connecting soft tissue between the dorsal aspect of 






















Fig. 2. Deep digital flexor tendon lesion zones: Percentages indicate the lesions at 



































f the 44 tendinopathy cases. Contrast enhancement was present 
n 42 cases. Of these 28 were diffuse, 7 were peripheral around 
 poorly enhancing core, and 7 were a combination of different 
ontrast enhancement patterns. Diffuse contrast enhancement was 
resent in 6 of the 13 enlarged tendons. 
Twenty three percent (n = 10) of deep digital flexor tendinopa- 
hy cases (n = 44) were visible at the level of the proximal inter- 
halangeal joint, 64% (n = 28) proximal to the navicular bone, 14 % 
n = 6) at the level of the navicular bone and 52 % (n = 23) distal to
he navicular bone ( Fig. 2 ). Seventy one percent of the lesions were
onfined to one level and the most prevalent lesion level combina- 
ion involved the level proximal to the navicular bone (50%, 39/78 
ossible lesion site combinations). 
.3. Distal interphalangeal osteoarthritis 
Of the 37 extremities diagnosed with distal interphalangeal os- 
eoarthritis (35%) ( Fig. 3 ), 17 were grade 1, 17 grade 2 and 3 grade
. Within grade 1, synovial distention and osteophyte formation, 
nd minor cartilage defects were most frequent, whereas cartilage 
efects (n = 14) were most frequent in grade 2 and 3 combined. 
ubchondral bone cyst formation (n = 3) was only present in grade 
-3. Synovial contrast enhancement was present in 3 grade 1 cases 
nd 10 grade 2-3 cases. Joint narrowing was seen relatively infre- 4 uently (n = 5) which may reflect the non-weightbearing of the ex- 
mination ( Table 1 , supp Fig. 4 ). 
.4. Navicular bursitis 
Of the 32 extremities diagnosed with navicular bursitis (31%), 
0 were grade 1, all of which had precontrast bursal distention. 
dhesion formation or granulation tissue formation was present 
n seven cases. Synovial contrast enhancement was present in 14 
ases (supp. Fig. 5). A concurrent diagnosis of navicular bone dis- 
ase was present in 24 (75%) of cases and of deep digital flexor 
endinopathy in 18 (56%). 
.5. Distal interphalangeal joint collateral ligament desmopathy 
Of the 27 extremities diagnosed with distal interphalangeal 
oint collateral ligament desmopathy (26%), 18 were grade 1, with 
ontrast enhancement (n = 10) and insertional remodelling (n = 7) 
ost frequent. In combined grades 2 and 3 (n = 9), enlargement 
nd insertional remodelling was most frequent (supp. Fig. 6). In 
5/27 (55%) of cases with distal interphalangeal joint collateral 
igament desmopathy, a concurrent diagnosis of distal interpha- 
angeal osteoarthritis was made, 12of 15 of which were grade 1 
steoarthritis. 
.6. Hoof capsule and distal phalanx pathology 
There were 7 cases of keratoma ( Fig. 4 ). Four cases of grade 1–2
f pedal osteitis and six cases of grade 1–2 abnormal laminae were 
lso present. 
.7. Effect of weighting by conclusion and recommendation sections 
A summary of diagnostic grading and diagnostic grading 
eighted by conclusion and recommendation sections is shown 
n Appendix 1 . The results did not differ statistically ( P > .05). 
his means that there was no difference between diagnoses 
ade based on the findings section of the reports and diagnoses 
eighted by conclusion and recommendation section of the re- 
orts. The results of diagnoses weighted by conclusion and recom- 
endation sections of the report are therefore not further sepa- 
ately described. 
.8. Result distribution after exclusion of all grade 1 lesions 
The relative lesion distribution alters considerably when exclud- 
ng all grade 1 cases, and combining all grade 2 and 3 cases for 
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Fig. 3. (A), Sagittal multiplanar reconstruction of a distal interphalangeal CT arthro- 
gram: Dorsal is to the left of the image. There is diffuse thinning of the articular 
cartilage with fibrillation of the cartilage evidenced by loss of margin outline and 
focal small full thickness defects of the articular surface evidenced by contrast agent 
contacting the subchondral bone plate. This is consistent with early osteoarthritis 
of the joint prior to other visible radiology findings. (B), Sagittal multiplanar recon- 
struction of the contralateral limb distal interphalangeal CT arthrogram. Image ori- 
entation, site and window and level settings are the same as for A: Dorsal is the left 
of the image. Normal cartilage outline is present. (C, D), Dorsal plane multiplanar 
reconstruction of a distal interphalangeal CT arthrogram of the affected and normal 
limb: Lateral is to the left of the image. Cartilage fibrillation and a full thickness 
defect is present on the lateral aspect of the image of the affected limb in compar- 
ison with the normal. (E), Postmortem gross image of the distal cartilage surface of 
the middle phalanx of the affected limb: Lateral is to the left of the image. Exten- 
sive cartilage fibrillation is present as well as a lateral focal full thickness cartilage 
defect (hollow arrow). 
Fig. 4. Dorsal multiplanar reconstruction arteriogram at the level of the tip of the 
distal phalanx: There is focal complete loss of contrast enhancement within the 
vascular laminae and focal partial loss within the vasculature of the deep corium 
with focal resorption of the distal phalanx margin consistent with a keratoma of 


























































5 ach main diagnostic group, effectively selecting only the diag- 
oses deemed likely or highly likely the cause of clinically signif- 
cant lameness. Deep digital tendinopathy (n = 36, or 34 % of total 
N = 105]) becomes the most frequent diagnosis, followed by distal 
nterphalangeal osteoarthritis (n = 20, 19% of total), navicular bone 
isease (n = 18, 17% of total), navicular bursitis (n = 12, 11% of total),
oof capsule and distal phalanx pathology (n = 11, 10% of total), and 
ollateral ligament desmopathy (n = 9, 8% of total). This establishes 
 baseline prevalence of diagnoses considered clinically significant 
sing this combination CT protocol. 
. Discussion 
Deep digital tendinopathy, distal interphalangeal osteoarthri- 
is, navicular bone disease, navicular bursitis, collateral ligament 
esmopathy, and hoof wall and distal phalanx pathology can be re- 
iably, and with a biologically plausible range of severity diagnosed 
sing this CT examination protocol. 
The CT anatomy of the foot, the CT vascular anatomy, contrast 
T normal images, comparative visualization and lesion conspicu- 
ty with low field MRI, and correlation between CT findings and 
acroscopic pathology has been described [ 3 –5 , 7 , 10 , 12 ]. The cur-
ent study is to the author’s knowledge the first broad review of 
he CT examination findings of the equine distal extremities, and 
he first study combining the results of three contrast CT tech- 
iques. The results may provide an overview of the range, and 
everity of foot pathology detectable with CT and be a compara- 
ive point with other imaging modalities. The rationale for combin- 
ng all contrast applications in the foot was to offset some of the 
isadvantages of CT imaging. Angiography allows for better visu- 
lization of intraparenchymal soft tissue lesions. Arthrography and 
ursography allows for good visualization of the outline of carti- 
age and synovial soft tissues. Pathology within the foot is often 
ultiple and so all CT applications were combined to maximize 
iagnostic potential. 
The population variables are representative of the standard 
linic population presented for orthopaedic examination and of the 
ountries’ high percentage of thoroughbred horses used for sports 
nd racing. Middle aged animals with a subacute to chronic mild 
o moderate lameness are consistent with the expected population 
eferred for imaging. 
Although duration of examination was not part of the current 
tudy, an average anaesthetic time of 1 and 1.5 hours is scheduled 
or a unilateral and bilateral four-stage foot CT examination respec- 
ively. The most time consuming aspects of the examination were 
he positioning of the horse and the ultrasound guided catheteri- 
ation of the radial artery. The proximal placement of the catheter 
llows for contrast to be injected proximal to the bifurcation of the 
edian palmar artery proximal to the metacarpophalangeal joint 
nto the lateral and medial digital arteries. This would allow for 
 simultaneous lateromedial perfusion of the foot without streak- 
ng. In the later stages of the review, the distal interphalangeal 
rthrogram was often combined with the bursogram. Distending 
oth synovial structures simultaneously was felt not to interfere 
ith the interpretation and a reduction of anaesthetic time was 
chieved. No communication between the distal interphalangeal 
oint and the bursa was seen in the cases in which arthrogram and 
ursogram were performed sequentially, even though 5.3 % com- 
unication has been documented [13] . This may be due to tech- 
ique differences, or subtle communication may have been not de- 
ected. 
.1. Overall results 
There are few retrospective studies describing the entire range 
f imaging findings within the equine foot. The main diagnostic 
























































































































esults of a clinical non blinded study of 240 standing MRI ex- 
minations of 120 horses (compared with the current study) re- 
orted lameness in 71% of the limbs (87%), navicular disease in 69% 
64%), deep digital flexor tendinopathy in 43% (43%), distal inter- 
halangeal osteoarthritis in 47% (35%) navicular bursal distention 
n 60% (31%), and collateral ligament desmopathy of the distal in- 
erphalangeal joint in 12% (26%) [14] . The slightly higher diagnostic 
requency of distal interphalangeal osteoarthritis (47% in compar- 
son with 35% in this study) using standing MRI may be due to 
he high sensitivity and relatively lower specificity. Although low 
eld MRI can identify a wide range of articular lesions (i.e high 
ensitivity), it can be argued that some of these lesions would 
ossess a lower diagnostic specificity unless the identified articu- 
ar lesions are pathognomonic. Under this assumption, MRI images 
ay demonstrate a wide range of articular changes some of which 
ould be regarded as false positives, explaining the higher diagnos- 
ic frequency. The reverse could be argued for collateral ligament 
esmopathy. The lesser soft tissue resolution of CT may result in 
n overdiagnosis due to relative low specificity. 
Another review of standing MRI examination of 79 horses re- 
orted navicular bone lesions in 78%, navicular bursitis in 57%, 
eep digital tendinopathies in 54%, effusion of the distal interpha- 
angeal joint in 53%, and collateral ligament desmopathy of the dis- 
al interphalangeal joint in 39%. In the same study, 94% had al- 
erations in more than one structure in the lame or lamest foot 
15] , which is consistent with our results. A recent review of 550 
quine foot MRI examinations reported navicular bone abnormal- 
ties in 74%, distal interphalangeal joint abnormalities in 65% and 
eep digital flexor tendon abnormalities in 47% of cases [16] . Over- 
ll, the lesion distribution between the current study and findings 
rom several standing MRI retrospective studies overlap. 
.2. Navicular bone disease 
In the current study, the relative low number of cases with 
ikely or definitively clinically relevant disease (grade 2 and 3) is 
xpected. Many of the more severe changes would likely have been 
adiographically visible, therefore reducing the need for referral for 
maging. This introduces a selection bias against cases with mod- 
rate or severe navicular bone disease. The very low rate of distal 
esamoidean ligament and collateral sesamoidean ligament imag- 
ng findings is likely due to the low conspicuity of these ligaments 
n CT or CTA. This is comparable to the low conspicuity of the 
istal sesamoidean ligaments of the fetlock found with contrast 
T [17] . Contrast in the distal interphalangeal joint was still clearly 
resent during the bursography phase. The collateral sesamoidean 
nd distal sesmoidean ligament were therefore clearly outlined on 
oth sides by contrast in the bursography phase. Despite the in- 
reased visibility of the margins, few shape changes were seen in 
hose ligaments. 
Unlike MRI, CT does not have the capacity to visualize an in- 
reased fluid signal in the navicular bone, and will therefore fail 
o detect navicular disease cases in which there is only increased 
uid signal within the bone and no bony morphological changes. 
T will also not demonstrate increased fluid in the trabecular bone 
f other bones of the distal limb such as occurs in the dorsal dis- 
al second phalanx if these lesions are not associated with bony 
hanges. An increased fluid signal on STIR FSE MRI images within 
he trabecular bone may reflect oedema, haemorrhage, necrosis, 
egeneration or physiologic stress remodeling [18] . Degenerative 
njury of the navicular bone is therefore indistinguishable from 
ontusion or physiologic stress remodelling of the navicular bone 
hen there is no compact or trabecular bone damage [16] . An in- 
reased trabecular bone fluid signal has also shown to be prevalent 
n non-symptomatic horses [19] . Higher grade STIR FSE fluid sig- 
al in the navicular bone are associated with other morphological 6 hanges [18] , therefore it may be reasonable to suggest that navic- 
lar bone alterations over and above physiologic stress remodelling 
r oedema may be diagnosed with CT based on the morphologic 
hanges to the bone. Increased fluid within the bone may be in the 
uture visible using dual-energy CT. In human medicine promising 
esults have been published for dual energy CT to detect bone mar- 
ow oedema [ 20 , 21 ]. 
In the current study, the navicular bursogram provided consis- 
ently good visualization of the flexor fibrocartilage of the nav- 
cular bone. Thinning of the cartilage or full thickness erosions 
ere clearly visible, and these imaging findings contributed to the 
avicular disease diagnosis score. Using a CT scout image to con- 
rm needle placement was very quick and reliable, which is why 
his approach was followed. A disadvantage of this approach is 
he morbidity of puncturing the deep digital flexor tendon. A ul- 
rasound guided tendon sparing approach may be an alternative 
 22 , 23 ]. 
.3. Navicular bursitis 
In a low field MRI and high field MRI review, navicular bursitis 
as present in 57% of cases and bursal effusion in 49% of cases re- 
pectively [ 14 , 24 ], which is higher than the 26% in this review. This
ay be due to lower conspicuity of the fluid in the pre-contrast CT 
mages, or due to a higher threshold to report increased filling of 
he bursa by the authors of this study. Relatively few adhesions 
ere visualized in cases of navicular bursitis in this study. Of 26 
ases in which bursal adhesions were suspected using high field 
RI, only 19 were positively diagnosed to have one or more ad- 
esions [25] . In that study, a positive predictive value for the pres- 
nce of adhesions was 50% for loss of separation between the deep 
igital flexor tendon and bursa or collateral sesamoidean ligament, 
7% for focal disruption of the signal of bursa fluid with presence 
f abnormal tissue and 100% for well-defined abnormal tissue was 
een between the two structures [25] . It is reasonable to consider 
hat bursal distention and presence of contrast agent in CT bur- 
ography would increase adhesion conspicuity, and therefore re- 
uce false positives. This may give support to the observation from 
his study that adhesion formation is an infrequent occurrence and 
upports the use of a bursogram. In the current study, navicular 
ursa findings of grade 2–3 were often in association with higher 
rade findings (56%) of the navicular apparatus or deep digital 
exor tendon. Using high field MRI, of 16 cases with positively con- 
rmed bursal adhesions, 94% had bursal effusion, 81% had deep 
igital flexor tendon abnormalities, 94% had navicular bone ab- 
ormalities, 56% has collateral sesamoidean ligament abnormalities 
nd 50% had impar ligament abnormalities [25] . This corresponds 
ith the findings of the current study that higher grade bursal ab- 
ormalities are generally associated with higher grade pathology 
n the navicular bone and deep digital flexor tendon ( Fig. 5 ). 
An observation during the bursography phase was that dur- 
ng injection often a lower volume of contrast was required and 
igher back pressure on the syringe was felt in cases of severe 
avicular bursitis. A possible explanation is fibrosis of the bursal 
ynovium and capsule, reducing joint capsule compliance. Contrast 
as still present in the distal interphalangeal joint in the cases in 
hich the arthrography and bursography was performed sequen- 
ially. This did not interfere with interpretation, nor did it interfere 
n cases in which arthrography and bursography was performed si- 
ultaneously. 
.4. Deep digital flexor tendinopathy 
A relatively large proportion of clinically significant deep digital 
exor tendon lesions would be expected in a lame population with 
ittle radiographically visible abnormalities. Most of the horses in 
F. Pauwels, A. Hartmann, J. Alawneh et al. Journal of Equine Veterinary Science 104 (2021) 103704 
Fig. 5. Transverse multiplanar reconstruction distal interphalangeal arthrogram and 
bursogram and at the level of the navicular bone: Lateral is to the left of the im- 
age. There is complete loss of fibrocartilage at the lateral flexor cortex with con- 
trast agent in contact with the bone (WHITE ARROWHEAD), and partial loss at 
the medial aspect (BLACK ARROWHEAD). In addition there is focal navicular bone 
medullary sclerosis (HOLLOW STAR) and an irregular dorsal border to the deep dig- 
ital flexor tendon, worse laterally than medially. The dorsal articular cartilage of the 
















































































he current study would have had one or more radiographic foot 
xaminations prior to referral. The preponderance of grade 2–3 
eep digital flexor tendon lesions is therefore expected consider- 
ng the selection bias reported above. Deep digital flexor tendon le- 
ions identified by intra-arterial contrast-enhanced CT have a high 
rue positive (93%) and true negative (88%) detection rate com- 
ared with macroscopic examination [7] . 
The relatively low number of deep digital flexor tendon splits 
iagnosed (n = 2) is unexpected as contrast agent would be ex- 
ected to dissect between the fibre bundles in the region adjacent 
o the navicular bursa in the bursography phase. The authors hy- 
othesize that the presence of an intact epitenon or granulation 
issue covering splits within the tendon parenchyma may have re- 
uced the visibility of the splits during the bursography phase. 
n another study, the majority of deep digital flexor tendinopa- 
hy cases diagnosed by non-contrast enhanced CT were core lesion 
96%) and dorsal border irregularities (73%) [26] . 
The low percentage (14%) of lesions at the level of the navic- 
lar bone detected in the current study reflects the difficulty of 
T to diagnose deep digital flexor tendon lesions in the region of 
he navicular bone and therefore tendinopathy in that region is 
ikely underdiagnosed [ 7 , 10 ]. In the current study, a great percent-7 ge (64%) of the lesions involved the suprasesamoidean region. In 
 review of 264 cases using high field MRI, lesions at the level of 
he proximal interphalangeal joint were present in 29%, at the level 
f the collateral sesamoidean ligaments in 59%, at the level of the 
avicular bone in 59%, at the distal sesamoidean ligament in 35 % 
nd at the deep digital flexor tendon insertion in 37% respectively 
24] . 
Some distinctive patterns of contrast enhancement of the deep 
igital flexor tendon were present. Peripheral contrast enhance- 
ent around a hypoattenuating core likely represents focal avas- 
ular necrosis with peripheral angiogenesis. Fine diffuse increased 
ontrast enhancement of the tendon likely represents a diffuse 
endinopathy with increased flow of existing microvasculature or 
ngiogenesis associated with an active inflammatory or degenera- 
ive response. This pattern was seen in enlarged as well as normal 
ized tendon lobes. Diffuse contrast enhancement at the dorsal as- 
ect of the tendon may be associated with dorsal border fibrilla- 
ion and/or fibrocartilaginous metaplasia not visible on native soft 
issue algorithm CT. Macroscopic histologic correlation of some of 
hese findings is available [7] , but further histologic correlation is 
equired to support these interpretations. 
.5. Distal interphalangeal osteoarthritis 
One of the earliest pathological changes in the onset of os- 
eoarthritis is cartilage degeneration [27] . Positive contrast CT 
rthrography increases the conspicuity of small cartilage lesions 
nd therefore of early joint degeneration. Mean sensitivity for lo- 
alizing cartilage defects in the equine carpus in a blinded exper- 
mental study concluded CT arthrography showing the best sensi- 
ivity (69.9%), followed by high field magnetic resonance arthrog- 
aphy (53.5%), high field MRI (33.3%), and CT (18.1%) respectively 
9] . Low field MRI was not included in the comparison. The higher 
ercentage of grade 1 lesions in the current study is expected as 
ore advanced osteoarthrosis would likely be more visible radio- 
raphically, reducing the likelihood of referral for CT examination. 
he ability to visualize early cartilage pathology using this pro- 
ocol may be clinically relevant. The authors found that focal as 
ell as diffuse partial thickness lesions of the articular cartilage 
ere easy to discern. In the few cases for which postmortem find- 
ngs were available, the imaging findings still underestimated the 
acroscopic findings ( Fig. 3 ). The CT arthrogram combined with 
he high sensitivity of native bone algorithm CT to visualize sub- 
hondral bone plate sclerosis was felt to be very useful to diagnose 
arly osteoarthritic changes. 
Approximately 55% of horses diagnosed with collateral ligament 
esmopathy in this study had concurrent distal interphalangeal os- 
eoarthritis. This is also expected considering the close association 
ith the joint. The collateral ligament is difficult to discern on na- 
ive soft tissue algorithm CT. A CT angiogram did generally not en- 
ance conspicuity of the margins of an assumed normal collateral 
igament. In some cases, there was focal vascular enhancement, 
enerally at the insertion or origin, interpreted as vascular dila- 
ion or neovascularization secondary to pathology. Synovial con- 
rast is often visible in the distal interphalangeal synovial pouches 
xial and sometimes caudal to the insertion of a normal collateral 
igament during the distal interphalangeal arthrogram, and is con- 
idered normal. In some cases, synovial contrast agent was seen 
ithin the insertion of the collateral ligament, and interpreted as 
earing of the insertion. Combined with the ability of native bone 
lgorithm CT to visualize bony origin and insertional remodeling, 
his was perceived to compensate for some of the poor soft tissue 
esolution of native soft tissue algorithm CT to diagnose collateral 
igament desmopathy. 











































































.6. Hoof capsule and distal phalanx pathology 
Seven keratoma which were unknown prior to examination 
ere diagnosed, of which five were grade 2–3. Keratoma are rel- 
tively easy to diagnose using CT and CT has been used effectively 
or pre-operative planning [ 28 , 29 ]. Of the four cases with pedal os-
eitis, 2 were grade 2. The diagnosis was mainly based on the de- 
cription of circumferential lysis of the distal phalanx solar margin. 
.7. Limitations 
The findings of this review are relevant to the referral popula- 
ion included in this study. 
Descriptive statistics only were used and no inference to lame- 
ess is made. Diagnoses were based on imaging findings only from 
he radiology reports. The severity grading of these findings was 
ubjective. Given that a pre-determined grading scheme was not 
sed, repeatability of the review is limited. The review is also 
ased on imaging reports from two qualified but unblinded read- 
rs. The distribution and weighting of imaging findings in the re- 
orts may also have evolved over time. The result that there was 
o clinically significant difference between grading based on the 
ndings section of the report and grading with weighting based 
n the conclusion and recommendation section of the report is ex- 
ected as the grading, even though based on objective criteria, is a 
ubjective process itself. The comparison was made only to see if 
here is consistency between findings and conclusions in the radi- 
logy reports. No inference to histologic abnormalities is made in 
he study. 
It could be argued that an abaxial nerve block as inclusion cri- 
erium is not selective enough as metacarpophalangeal pain can 
e abolished in some horses. For that reason, horses with positive 
ndings in the included metacarpophalangeal region in the native 
mage series were excluded from the review, reducing the possible 
onfounding influence. 
A concentration of 150 mgL/mL of iodinated contrast agent was 
sed for the arthrogram and bursogram phase. A lower concentra- 
ion of 35–40 mgL/mL is reported to induce less blooming artifact 
 6 , 30 ] [31] , whereas other studies report satisfactory results using 
 higher 100–150 mgL/mL concentration [8] [32] . The authors did 
ot experience limitations in assessing the synovial surfaces, but 
id require to window/level the images during interpretation. The 
igher concentration of contrast agent was maintained throughout 
he study for consistency. Correlating diagnostic grade, and a com- 
ination of imaging findings with lameness and laterality may be 
seful and could be considered in the future. 
.8. Conclusions 
In conclusion, navicular bone changes were the most prevalent 
iagnostic category of which only one quarter were deemed clin- Diagnostic Grading 
Mean (SD) Median(Q1, Q3) Min,
Ddft core lesion 0.74 (1) 0 (0, 2) 0, 3 
Ddft split lesion 0.05 (0.35) 0 (0, 0) 0, 3 
Ddft dorsal border lesion 0.36 (0.67) 0 (0, 1) 0, 2 
Navicular bursitis 0.44 (0.75) 0 (0, 1) 0, 3 
Navicular bone disease 0.82 (0.73) 1 (0, 1) 0, 3 
Impar ligament desmopathy 0.15 (0.50) 0 (0, 0) 0, 3 
CSL desmopathy 0.06 (0.33) 0 (0, 0) 0, 2 
DIPJ Colateral Ligament desmopathy 0.36 (0.70) 0 (0, 1) 0, 3 
DIPJ osteoarthritis 0.57 (0.86) 0 (0, 1) 0, 3 
Laminar contrast abnormal 0.08 (0.33) 0 (0, 0) 0, 2 
Keratoma 0.13 (0.54) 0 (0, 0) 0, 3 
Pedal osteitis 0.06 (0.30) 0 (0, 0) 0, 2 
ilcoxon rank sum test with continuity correction P values 
8 cally significant. Deep digital flexor tendon lesions were found in 
alf of the limbs, of which the great majority were considered clin- 
cally significant. Distal interphalangeal joint pathology was found 
n one third of examined limbs of which half were considered clin- 
cally significant. Navicular bursa and collateral ligament abnormal- 
ties were found in a quarter of all examined limbs, of which one 
hird of each were clinically significant. Navicular bursa abnormal- 
ties were associated with navicular bone and deep digital flexor 
endon lesions. By performing three contrast applications per foot, 
 maximum amount of information was efficiently obtained. The 
esults of this study demonstrate that a range of findings with a 
aried severity and a broad range of diagnoses can be established 
sing this combined CT protocol; and that the range of diagnoses 
s comparable to those obtained by other cross-sectional imaging 
odalities. 
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ppendix 1 Diagnostic Grading Weighted By Clinical Significance 
 Max Mean (SD) Median(Q1, Q3) Min, Max P value ∗
0.86 (1.14) 0 (0, 2) 0, 3 .6 
0.05 (0.35) 0 (0, 0) 0, 3 1 
0.40 (0.74) 0 (0, 1) 0, 3 .89 
0.49 (0.86) 0 (0, 1) 0, 3 .91 
0.90 (0.86) 1 (0, 1) 0, 3 .69 
0.15 (0.48) 0 (0, 0) 0, 2 .99 
0.06 (0.33) 0 (0, 0) 0, 2 1 
0.40 (0.78) 0 (0, 1) 0, 3 .91 
0.67 (1.02) 0 (0, 1) 0, 3 .92 
0.09 (0.40) 0 (0, 0) 0, 3 .99 
0.16 (0.62) 0 (0, 0) 0, 3 .99 
0.06 (0.30) 0 (0, 0) 0, 2 .99 
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